The room temperature crystal structures of Er 5
INTRODUCTION
Both the existence and crystallographic data of binary rare earth-germanium and rare earth-silicon compounds with the R 5 T 4 stoichiometries (R = rare earth element, T = Si or Ge) were originally reported by Smith et al. 1 Soon after, Holtzberg et al. 2 described phase relationships in the pseudobinary Gd 5 Si 4 -Gd 5 Ge 4 system. They 2 also confirmed the crystallography and provided magnetic property data for the binary R 5 T 4 silicides and germanides of heavy lanthanides, i.e., for R = Gd, Tb, Dy, Ho, and Er. All silicides were classified as ferromagnets. Within the series, Gd 5 Si 4 has the highest Curie temperature, T C = ϳ 340 K, and ferromagnetic ordering temperatures gradually decrease from T C = 225 K for Tb 5 Si 4 , to T C = 140 K, 76 K, and 25 K for Dy 5 Si 4 , Ho 5 Si 4 , and Er 5 Si 4 , respectively. Conversely, the germanides were reported to order antiferromagnetically at 15 and 47 K for Gd 5 Ge 4 (recent data, [3] [4] [5] [6] [7] [8] [9] however, indicate that Néel temperature of Gd 5 Ge 4 is ϳ128 K), 30 K for Tb 5 Ge 4 , 40 K for Dy 5 Ge 4 , 21 K for Ho 5 Ge 4 , and 7 K for Er 5 Ge 4 . In the Gd 5 Si x Ge 4−x system, Holtzberg et al. 2 also found two extended solid solutions based on both Gd 5 Si 4 and Gd 5 Ge 4 , and a new ternary phase with an unknown crystal structure.
The discovery of the giant magnetocaloric effect in Gd 5 Si 2 Ge 2 (Ref. 10) triggered a widespread research of the pseudobinary Gd 5 Si x Ge 4−x system. In 1997, Pecharsky and Gschneidner 11 reported, and later Morellon et al. 12 and Pecharsky et al. 13 refined the pseudobinary phase diagram. At present, it is well established that the Si-rich alloys adopt the orthorhombic Gd 5 Si 4 -type structure at room temperature when x ജ 2.1 and that they order ferromagnetically on cooling via a second-order phase transition. The intermediate solid solution alloys with 1.5ഛ x Ͻ 2.1 crystallize in the monoclinic Gd 5 Si 2 Ge 2 -type structure at room temperature. When cooled, they undergo a transformation to the Gd 5 Si 4 -type structure, which is coupled with ferromagnetic ordering. Thermodynamically, these are first-order phase transitions. The Ge-rich solid solution alloys have the orthorhombic Sm 5 Ge 4 -type crystal structure at room temperature when x ഛ 1.2 and the majority of them exhibit two successive transformations below room temperature. A second-order paramagnetic to antiferromagnetic transition occurs at nearly constant temperature ͑ϳ130 K͒ regardless of the alloy composition. A first-order transformation, during which a crystallographic transition from the Sm 5 Ge 4 -to Gd 5 Si 4 -type structure is coupled with an antiferromagnetic to ferromagnetic transition, is observed at lower temperatures with T C strongly dependent on the value of x. It is worth noting that in a zero magnetic field, only the high temperature paramagneticantiferromagnetic transition occurs in pure Gd 5 Ge 4 .
3-9 Both the monoclinic Gd 5 Si 2 Ge 2 -and the orthorhombic Sm 5 Ge 4 -type alloys exhibit the giant magnetocaloric effect around their respective first-order magnetostructural phase transition temperatures. 14 Of the eight possible R 5 Si x Ge 4−x systems, where R is heavy lanthanide, the Gd 5 Si x Ge 4−x alloys are the most studied to date. Over the last few years, several reports describing both the interaction of components and physical properties of compounds have been published for Tb 5 Si x Ge 4−x by Morellon et al., 15, 16 Huang et al., 17 Ritter et al., 18 Tegus et al., 19 Thuy et al., 20, 21 Yoa et al., 22 and Lee et al.; 23 and for Dy 5 Si x Ge 4−x by Gschneidner et al. 24 and Ivtchenko et al. 25 Preliminary results have been also reported about some individual intermetallics, including Ho 5 Si 2 Ge 2 by Thuy et al., 26 Yb 5 Si 4 by Cerny and Alamdi-Yardi, 27 and Yb 5 Ge 4 by Pani and Palenzona. 28 Despite limited amount of available data, it is quite evident that systems with heavy lanthanides demonstrate both similarities and differences when compared to the Gd 5 Si x Ge 4−x alloys, thus pointing to a complexity of interactions between heavy lanthanides, germanium, and silicon at the R 5 T 4 stoichiometries.
Only a little research has been carried out on the Er 5 31 According to our preliminary temperature dependent x-ray powder diffraction studies, 33 the magnetically ordered Er 5 Si 4 retains the monoclinic Gd 5 Si 2 Ge 2 -type structure down to ϳ5 K in a zero magnetic field. In this respect, the silicide of erbium is quite different from all other members of the extended R 5 Si x Ge 4−x family studied to date, where the ferromagnetic order has been always associated with the Gd 5 Si 4 -type structure.
Here we report on the relationships between chemical composition, crystal structure, magnetic, thermal, and magnetocaloric properties of several pseudobinary alloys in the Er 5 Si x Ge 4−x system. As we will describe below, this system exhibits much greater deviations from the related Gd 5 Si x Ge 4−x alloys 11-13 when compared to Tb 5 Si x Ge 4−x [15] [16] [17] [18] [19] [20] [21] [22] and Dy 5 Si x Ge 4−x , 24, 25 thus demonstrating that physical properties of these intriguing R 5 T 4 family of materials can be adjusted over a broad range of values.
ALLOY PREPARATION AND CHARACTERIZATION
A total of 13 alloys in the Er 5 Si x Ge 4−x system with x varying from ϳ4 to 0 were prepared by arc melting of stoichiometric mixtures of pure components in an argon atmosphere on a water-cooled copper hearth using high purity components. The Er metal was prepared by the Materials Preparation Center of the Ames Laboratory and it was 99.86 at. % ͑99.99 wt. % ͒ pure. The major impurities in ppm atomic (and in ppm by weight) were as follows: O, 400 (40); C, 280 (20) ; N, 70 (6); F, 120 (14) ; H, 170 (1), and Fe, 30 (10) . The Si and Ge were purchased from Meldform Metals (United Kingdom) and were 99.999 wt. % pure. Every alloy was remelted six times; alloy buttons were turned over after each melting to improve their homogeneity. The weight of each alloy did not exceed 20 g to ensure fast cooling. Weight losses after the melting were in the range from 0.3 to 0.5 wt. %, therefore alloy stoichiometries were assumed to remain unchanged after the preparation. All the alloys were examined in the as-prepared condition, without heat treatment.
In addition to arc-melted buttons, in this study we examined nonoriented large-grain leftovers extracted from a sample of Er 5 Si 4 which has been used to prepare single crystals by Bridgman technique. This alloy was first arc melted (both the Er and Si were of the same purity as mentioned above) and then electron beam welded in a tungsten Bridgman crucible. The crucible was placed inside a tungsten mesh resistance furnace under a pressure of 6.7ϫ 10 −4 Pa and slowly heated to 1970 K. Then the chamber was backfilled with high purity argon to 2.8ϫ 10 5 Pa to equalize the pressures inside and outside the crucible. The crucible was then heated to 2320 K, after which it was withdrawn from the heat zone at the rate of 8 mm/ h. While some reaction of the melt with the crucible walls was noted, x-ray powder diffraction indicated phase purity of the as-grown ingot. The samples described in this work were extracted from the middle of the as-solidified ingot as scraps that remained after cutting out specimens for other property measurements.
The crystal structures and phase compositions of the alloys were characterized by x-ray powder diffraction. The x-ray powder diffraction data were collected on a Rigaku TTRAX rotating anode diffractometer equipped with a wide angle goniometer using Mo K␣ radiation between 8°-11°a nd 50°of 2 with a 0.01°step. The crystal structures were refined in an isotropic approximation by using Rietveld technique. 34 The resulting profile residuals ͑R p ͒ were lower than 10% and the derived Bragg residuals ͑R B ͒ did not exceed 6%.
Magnetic susceptibility and magnetization measurements were performed on a Lake Shore dc/ac magnetometersusceptometer, model 7225. Temperature dependent ac magnetic susceptibilities were measured between 5 and 320 K in an ac magnetic field with a 5 Oe amplitude and a 125 Hz frequency in a zero bias dc field. Magnetization was measured as a function of temperature between 5 and 320 K in various dc magnetic fields between 1 and 50 kOe. Isothermal magnetization data were collected in the vicinities of magnetic phase transition temperatures in dc magnetic fields varying from 0 to 50 kOe with a 2 kOe step.
The heat capacities were measured using a semiadiabatic heat pulse calorimeter 35 from ϳ3.5 to 350 K in various constant dc magnetic fields ranging from 0 to 100 kOe. The phase transition temperatures were determined from both the magnetic and calorimetric measurements. The magnetocaloric effect in terms of the isothermal magnetic entropy change ͑⌬S M ͒ and the adiabatic temperature change ͑⌬T ad ͒ was calculated from either or both magnetic and calorimetric data as described by Pecharsky and Gschneidner. The room-temperature crystal structure of Er 5 Si 4 was confirmed using x-ray powder diffraction data collected from several different samples at ambient temperature and employing the crystallographic parameters obtained from the single crystal structural investigation in Ref. 31 . The refined lattice parameters of Er 5 Si 4 are listed in Table I together with those reported previously in the literature and all of the other Er 5 Si x Ge 4−x alloys examined in the course of this study. The results of Rietveld refinement for Er 5 Si 4 are in agreement with our single crystal study, 31 confirming that the 5:4 erbium silicide belongs to the Gd 5 Si 4 -type crystal structure and not to the Sm 5 Ge 4 type as was assumed earlier 1,2,29 (the difference between the Sm 5 Ge 4 -and Gd 5 Si 4 -type structures has been described by Pecharsky and Gschneidner 11, 38 and by Choe et al. 39 ). The x-ray powder diffraction pattern [ Fig. 1(a) ] of the arc-melted stoichiometric Er 5 Si 4 , hereafter called sample I, clearly indicates the presence of a small amount of an impurity phase. The latter was identified as erbium monosilicide, ErSi. The concentration of the latter in the as-prepared Er 5 Si 4 alloy is 5 ± 1 vol. % as determined in the course of Rietveld refinement. Therefore, we prepared an off-stoichiometric alloy, Er 5.05 Si 4 , henceforth referred to as sample II, in an attempt to obtain a single-phase material. As seen in Fig. 1(b) , no impurity phase(s) can be detected in this alloy within the sensitivity of the x-ray powder diffraction technique. The unit cell dimensions of Er 5.05 Si 4 ( Table I) show no statistically significant differences when compared to those of Er 5 Si 4 . Considering the full occupancy of all sites, 31 we conclude that Er 5 Si 4 is a stoichiometric compound, and despite small weight losses observed during the arc melting, the evaporation of the Er metal was substantial enough to shift the as-prepared Er 5 Si 4 alloy into the ErSi 1−x +Er 5 Si 4 twophase region of the Er-Si phase diagram. 29 Consistent with this conclusion, is the x-ray powder diffraction pattern (not shown) of the stoichiometric Er 5 Si 4 prepared using the Bridgman technique, from now on called sample III, indicating a single phase alloy because evaporative losses from a sealed crucible were indeed negligible. Its unit cell dimensions (Table I) deviate from those of both arc-melted materials by no more than two standard deviations, i.e., the differences in the unit cell dimensions of the three different Er 5 Si 4 samples, are statistically insignificant. A nonnegligible discrepancy seen between the three sets of powder diffraction data (samples I, II, and III) and the unit cell dimensions determined in the course of single crystal (sample I) investigation 31 is likely related to a lower absolute precision attainable in a single crystal diffraction experiment when compared with the high resolution powder diffraction data.
For the arc-melted alloy, the dc magnetization data (Figs. 2 and 3) indicate two phase transformations that occur in Er 5 Si 4 below room temperature. On cooling, a structural transition 31, 32 is observed in the paramagnetic state between 210 K to 200 K (Fig. 3, inset) and a ferromagneticlike or ferrimagneticlike ordering occurs in low magnetic fields at ϳ30 K (Figs. 2 and 3 ). The structural transition is hysteretic: it takes place between 215 K and 225 K on heating, as illustrated in Fig. 3 , inset. The behavior of the ac magnetic susceptibility (Fig. 2, inset) confirms the ferrimagneticlike nature of the low temperature magnetically ordered Er 5 Si 4 phase and is consistent with gradually increasing coercivity below the Curie temperature. A small amount of the antiferromagnetic ErSi (T N = 11.5 K, 40 as indicated by a vertical arrow in the inset in Fig. 2 ) present in the arc-melted Er 5 Si 4 may contribute to a broad anomaly of ac Ј , although as described below (see Fig. 4 ), the anomaly itself appears to be intrinsic to Er 5 Si 4 .
The isothermal magnetization at 5 K (Fig. 3) remains far from saturation in a 50 kOe magnetic field, reaching only ϳ65% of the theoretically expected value assuming that the ordered magnetic moment of Er is =gJ=9 B . The steplike increase observed in the M vs H curve between 10 and 11 kOe is too large to be ascribed exclusively to the ErSi impurity [which is metamagnetic above 16 kOe at T = 2.16 K (Ref. For the single phase Er 5 Si 4 (sample III), the magnetization versus temperature is shown in Fig. 4 . It was measured using a randomly oriented apparently single-grain specimen 45 extracted from the material prepared using Bridgman technique in order to clarify whether or not the lowest temperature anomaly is intrinsic to Er 5 Si 4 . By comparing both Fig. 2 and its inset with Fig. 4 , it is easy to see that the lowest temperature anomaly around T = 12 K is still present in the low field dc magnetization of pure Er 5 Si 4 . In fact, it becomes much more pronounced when compared to the sample shown in Fig. 2 . The anomaly is, therefore, intrinsic to Er 5 Si 4 and its correspondence with the Néel temperature of ErSi is coincidental.
Even though the orientation of crystallographic axes of this specimen with respect to the magnetic field vector is unknown, the data presented in Fig. 4 shed some light on the nature of the magnetic ordering at T = 30 K and point to a considerable magnetocrystalline anisotropy of the compound (e.g., the values of magnetization in Fig. 4 are substantially lower than the corresponding values in Fig. 2) . The temperature of the cusp, which is observed around 30 K in the 1 kOe M͑T͒ data, is suppressed to T = 27 K and T = 19 K by 10 and 20 kOe magnetic fields, respectively. This behavior is consistent with a strong antiferromagnetic component in the magnetic structure of the material. It is interesting to note that the temperature of the broad anomaly observed at ϳ12 K remains unaffected by magnetic fields of 20 kOe and below. In magnetic fields higher than 30 kOe, the M͑T͒ of Er 5 Si 4 becomes consistent with the predominantly ferromagnetic or ferrimagnetic arrangement of spins in the material.
The magnetic ordering temperatures and the Curie-Weiss parameters of Er 5 Si 4 are listed in Table II . Predictably, the structural change around 220 K has a significant effect on the paramagnetic Curie temperature of the material. The monoclinic polymorph of the 5:4 erbium silicide has lower paramagnetic Curie temperature ͑⌰ p = 19.6 K͒ when compared to the orthorhombic polymorph ͑⌰ p = 30.3 K͒. The lowering of ⌰ p indicates a weakening of exchange interactions and is consistent with the notion that the presence of covalentlike Si 2 dimers results in strengthening of magnetic interactions between the two-dimensional slabs. 38, 46 The dimers are found between every slab in the Gd 5 Si 4 type (the orthorhombic polymorph) and only between every other slab in the Gd 5 Si 2 Ge 2 type (the monoclinic phase). 11, 39 For both crystallographic modifications of the compound, positive paramagnetic Curie temperatures are indicative of the ferromagnetic or ferrimagnetic ground state of the material.
Consistent with the behavior of the magnetization, the heat capacity of the arc-melted Er 5 Si 4 [sample I, Fig. 5(a) ] also displays two distinct irregularities. The low-temperature -type anomaly, which occurs at ϳ30 K in zero magnetic field, is transformed into a rounded peak by increasing magnetic field as expected for a second-order paramagneticferromagnetic (or ferrimagnetic) phase transformation. The high temperature peak observed between ϳ210 K and Determined from the Curie-Weiss fit of the data measured on heating between 250 K and 310 K. The compound adopts this monoclinic crystal structure upon cooling below ϳ200 K.
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Determined from the Curie-Weiss fit of the data measured on heating between 50 and 190 K.
ϳ240 K is magnetic field independent in this range of magnetic fields, and is indicative of a first-order transformation despite the ϳ40 K peak width. Both the behavior and location of this anomaly are commensurate with the structural transition observed in Er 5 Si 4 in this temperature range. 31 A minor broad abnormality observed around 11 K in the zero field heat capacity is in line with the ac magnetic susceptibility data and it may be slightly enhanced by the presence of ErSi impurity.
For the single phase large-grain Er 5 Si 4 (sample III), the heat capacity [ Fig. 5(b) ] is in excellent agreement with all the results that have been already described above, except that the anomaly at ϳ218 K corresponding to the structural transformation narrows and clearly becomes a single peak instead of a double peak structure seen in Fig. 5(a) . After subtracting the baseline heat capacity between 190 K and 240 K determined by a third order polynomial approximation of the data from 150 K to 190 K and from 240 K to 250 K and corresponding integration, the entropy of the polymorphic transformation of Er 5 Si 4 is ⌬S tr = 0.24 J / g at K.
Another unexpected feature is that the position of the 218 K heat capacity peak corresponding to the structural transition in the paramagnetic state is evidently influenced by magnetic field, as seen in the insets of Fig. 5(b) and Fig. 6 . Both the peak and the underlying crystallographic-only transformation are suppressed nearly linearly between 40 and 100 kOe at the rate dT /dH = −0.058 K / kOe. To the best of our knowledge, to date there have been no reports that the relatively weak ͑40 to 100 kOe͒ magnetic field is able to measurably affect the temperature of a crystallographic transition in the paramagnetic state approximately 200 K above the spontaneous magnetic ordering temperature. Although we do not have sufficient data to speculate on the mechanism of this phenomenon, we believe that it is related to both the large localized magnetic moment of Er and presumably unusually strong spin-orbit coupling in the material. We also believe that the effect of the magnetic field on this polymorphic transformation that does not involve magnetic order should be highly anisotropic because we did not observe a measurable change in the position of the heat capacity peak in the polycrystalline Er 5 Si 4 (samples I and II) in magnetic fields as high as 75 kOe (see Ref. 31 and Fig. 5 ).
The behavior of the heat capacity in the vicinities of both the low temperature and the high temperature anomalous regions is clarified in Fig. 6 . Consistently with the magnetization data, a broad bump around 11.5 K remains field independent as long as the magnetic field is 50 kOe or lower. When the field reaches 75 kOe and greater, however, it induces an additional heat capacity peak suggestive of a metamagnetic transition, which rapidly and nearly linearly ͑dT /dH = 0.32 K / kOe͒ moves towards high temperature as the magnetic field increases. Thus, this new peak occurs at ϳ18, ϳ23, and ϳ26 K in the 75, 90, and 100 kOe magnetic fields, respectively. Both the appearance and the behavior of this peak resemble closely that observed in polycrystalline Gd 5 The magnetocaloric effect of Er 5 Si 4 , calculated in terms of both the extensive (the isothermal magnetic entropy change, ⌬S M ) and intensive (the adiabatic temperature change, ⌬T ad ) variables from the heat capacity data, is shown in Fig. 7 . At and above ϳ30 K, the MCE remains positive even for the lowest magnetic field change of 0 to 10 kOe, thus supporting a notion about the presence of a ferromagnetic signature in the ground state of Er 5 Si 4 . The small negative MCE observed below ϳ30 K in a 10 kOe field is indicative of a complex magnetic structure. As the upper magnetic field increases from 10 to 100 kOe, the main MCE peak remains at T = 30.4 K, which is consistent with a second order ferromagnetic ordering in a zero magnetic field and this peak represents a conventional contribution to the magnetocaloric effect. When the magnetic field reaches and exceeds 75 kOe, the new ⌬S M peaks are induced at 16.7, 22.1, and 25.7 K, and the new ⌬T ad peaks occur at 11.8, 15.0, and 17.5 K in 75, 90, and 100 kOe magnetic fields, respectively. The magnitudes of these additional peaks increase with the increasing field faster than the magnitudes of the main MCE peaks, which is similar to the behavior of the magnetocaloric effect in Gd 5 Ge 4 , 47 where a first order magnetostructural transition is induced by a magnetic field at low temperatures. Without additional crystallographic data, we can only speculate that since below ϳ200 K Er 5 Si 4 adopts the monoclinic Gd 5 Si 2 Ge 2 -type crystal structure in both the paramagnetic and magnetically ordered states, the high magnetic fields (greater or equal to 75 kOe) induce a transition to the Gd 5 Si 4 -type structure, which is coupled to the ferromagnetism of the material, just as it happens in Ge-rich Gd 5 Si x Ge 4−x alloys. 6, 12 Intermediate phase: Er 5 Si 3.9 Ge 0.1 to Er 5 Si 3.5 Ge 0. 5 Upon substituting as little as 2.5 at. % of Ge for Si, the room temperature crystal structures of the Er 5 Si x Ge 4−x alloys change from the orthorhombic Gd 5 Si 4 type to the monoclinic Gd 5 Si 2 Ge 2 type. The monoclinic structure is preserved at room temperature from the Er 5 Si 3.9 Ge 0.1 to Er 5 Si 3.5 Ge 0.5 stoichiometry, and an x-ray powder diffraction pattern of the latter composition is depicted in Fig. 8 . The lattice parameters of several alloys from this region are listed in Table I . According to x-ray powder diffraction data little, if any (see Fig. 8 ), to a few vol. % of the orthorhombic ErSi x Ge 1−x impurity phase can be found in the as-prepared alloys from this phase region.
Considering magnetic properties of Er 5 Si 3.5 Ge 0.5 as an example representative for this phase region, both the dc magnetization and ac magnetic susceptibility measurements (Fig.  9) indicate antiferromagnetic (or ferrimagnetic) ordering at ϳ25 K. The paramagnetic Curie temperature of Er 5 Si 3.5 Ge 0.5 (Table II) is positive and the effective magnetic moment is nearly identical to that of the free Er 3+ ion. The low temperature heat capacity measured in a zero magnetic field, which is shown in Fig. 10 , displays a -type anomaly with a maximum at 28 K indicating that the magnetic ordering in Er 5 Si 3.5 Ge 0.5 is a second-order phase transformation. Additional weak heat capacity anomaly observed around 10 K in a zero magnetic field is consistent with the anomalous behavior of the magnetization at T Х 10 K in 2 kOe and 10 kOe magnetic fields, see Fig. 9 . Neither the heat capacity nor magnetic measurements indicate any other transitions between ϳ4 K and ϳ350 K. The -type anomaly is transformed into a cusp at ϳ22 K by a 10 kOe magnetic field, which also points to an antiferromagnetic ground state of the material. Magnetic fields exceeding 10 kOe, however, suppress the magnetic contribution to heat capacity below the zero magnetic field magnetic ordering temperature ͑T N ͒ but broaden and increase it immediately above the zero magnetic field T N , which is typical of ferromagnetic behavior.
These features are in agreement with the isothermal magnetization of Er 5 Si 3.5 Ge 0.5 measured at T =5 K (Fig. 3) , which shows a metamagneticlike transformation with a critical magnetic field around 11 kOe.
The magnetic moment remains near 60% of its expected saturation value of 9 B per Er atom in a 50 kOe magnetic field. Unlike in the pure Er 5 Si 4 , a 75 kOe magnetic field does not induce an additional low temperature transformation(s) as can be concluded from the absence of any additional heat capacity peaks in Er 5 Si 3.5 Ge 0.5 It is feasible, however, that magnetostructural transitions may be induced in this phase region by magnetic fields greater than 75 kOe. The magnetocaloric effect of Er 5 Si 3.5 Ge 0.5 shown in Fig. 11 Since the boiling temperature of Ge ͑2830°C͒ is considerably lower than that of Si ͑3145°C͒ and it is slightly lower than the boiling temperature of Er ͑2868°C͒, losses of Ge due to evaporation begin to exceed losses of Er during the arc melting, and a small amount (ϳ5 vol. % according to Rietveld refinement) of Er 5 Ge 3 phase forms in the asprepared Er 5 Ge 4 , see Fig. 12 . The unit cell parameters of several alloys from this extended solid solution region are listed in Table I . The dc magnetization measurements indicate that Er 5 Si 3 Ge (Fig. 13) (Fig. 13) order antiferromagnetically at ϳ20, ϳ18, ϳ17, and ϳ14 K, respectively. The Curie-Weiss parameters of these three alloys are found in Table II . For Er 5 Ge 4 , they are in fair agreement with those reported by Holtzberg et al. 2 The low temperature heat capacity of Er 5 Ge 4 is shown in Fig. 14 . The -type anomaly, observed in a zero magnetic field around 14 K, corresponds to the cusp observed at the same temperature in the low magnetic field dc magnetization data and it indicates that the transition is second order. Zero magnetic field heat capacity of Er 5 Ge 4 also displays additional cusplike anomaly at ϳ7.5 K, which is not seen in the magnetization data, likely due to the lack of available experimental data points. Considering that the magnetic ordering temperature of the Er 5 Ge 3 impurity is 38 K, 48 this heat capacity cusp seems to be intrinsic to Er 5 Ge 4 , however, more detailed investigations are needed before its nature is better understood. Behavior of the heat capacity in nonzero magnetic fields is consistent with the isothermal magnetization of Er 5 Ge 4 measured at T =5 K (Fig. 3) , which shows a metamagneticlike transformation with a critical magnetic field around 6 kOe.
Similar to the other Er 5 Si x Ge 4−x alloys, the magnetic moment of Er 5 Ge 4 is about 60% of its expected saturation value of 9 B per Er atom in a 50 kOe magnetic field. The magnetocaloric effect in the germanide (Fig. 15) is moderate and its maximum value is nearly the same as that of the 5:4 erbium silicide. 
CONCLUSIONS
Although at present we do not have enough experimental data to propose even a preliminary composition-temperature diagram in order to summarize phase relationships and magnetism of the Er 5 Si x Ge 4−x system, it is clear that the magnetic behaviors are more different than similar when compared with the Gd 5 Si x Ge 4−x system. Both systems are analogous in that there are two structurally different orthorhombic phases (Er 5 Si 4 and the Er 5 Ge 4 -based solid solution vs the Gd 5 Si 4 -based and Gd 5 Ge 4 -based solid solutions) which are separated by the monoclinic phase region. Furthermore, substituting Si by Ge has similar effect on the room temperature crystallography in both systems: increasing the concentration of Ge results first, in the loss of one-half of the Si 2 dimers between the slabs (monoclinic phase) and second, all of the interslab Si 2 dimers in the Er 5 Ge 4 -based and in the Gd 5 Ge 4 -based solid solutions.
The most significant differences, in addition to the extent of the three phase regions in paramagnetic state, are as follows: first, the magnetic ordering temperatures of Er 5 Si x Ge 4−x alloys are much lower than those of Gd 5 Si x Ge 4−x alloys; second, the magnetic ordering temperatures show a weak dependence on the composition (i.e., on the value of x) in the Er-based system and the magnetic structures appear to be quite complex; third, in all the studied Er 5 Si x Ge 4−x alloys, the magnetic ordering is decoupled from the crystal lattice in low magnetic fields; fourth, it appears that in magnetic fields lower than ϳ80 kOe, a magnetostructural transition is observed only in Er 5 Si 4 ; and fifth, the magnetocaloric effect in the Er 5 Si x Ge 4−x system is much lower than that in the Gd 5 Si x Ge 4−x system, where both the crystal and magnetic lattices are not only coupled but they are easily affected by relatively low magnetic fields over a broad range of concentrations.
An intriguing observation that magnetic fields as low as 40 kOe may affect the temperature of the crystallographiconly transformation from the paramagnetic monoclinic Er 5 Si 4 to the orthorhombic Gd 5 Si 4 -type polymorph, which is also paramagnetic, is likely related to large localized magnetic moments of Er and to unusually strong spin-orbit coupling. Its understanding requires further experimental and theoretical studies. It is also important to emphasize that many of the as arc-melted Er 5 Si x Ge 4−x alloys can contain small amounts of impurity ErSi x Ge 1−x or Er 5 Si x Ge 3−x phases, which may somewhat affect both the observed behavior and the interpretation of the data.
Note added in proof. As follows from recent quantitative x-ray powder diffraction analysis, 49 only ϳ40 mol.% of the monoclinic Er 5 Si 4 is converted into the orthorhomobic Er 5 Si 4 phase during slow heating between 190 and 240 K. The entropy of the corresponding polymorphic transformation, therefore, should be increased from the mentioned above 0.24 J/g at K to ϳ0.6 J/g at K.
